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E. M. Gaposchkin, W. M. Kaula, and K. Lambeck
ABSTRACT

Geodetic parameters describing the earth's gravity field and the positions
of satellite-tracking stations in a geocentric reference frame have been com-
puted. These parameters were estimated from a combination of four different
types of data — routine and simultaneous satellite observations, observations
of deep-space probes, and surface gravimetry.

The global gravity field is represented by spherical harmonics complete
to degree and order 16, plus a number of coefficients to which satellites are
sensitive, a resolution of about 11° or 1200 km.

The accuracy is established primarily by intercomparison. The coor-
dinates of 12 fundamental stations are known to £10 m or better, and those of
39 stations (or groups of collocated stations) are known to 20 m or better.
The accuracy of the global field is 3 m in geoid height, or +9 mgal.

This solution leads to a new understanding of global tectonics and
geodynamics. It shows ocean rises, as well as trench and island arcs, as
mass excesses. Ocean basins, areas of recent glaciation, and the Asian
portion of the Alpide belt are mass deficiencies. Most features appear to be
the result of varying behavior of the lithosphere in response to asthenospheric
flow.

INTRODUCTION

An original objective of space science was the improvement of geodetic
parameters ''to tie together the observing stations and the center of the geoid
to a precision of the order of 10 m, ... to add appreciably to knowledge of

the density distribution in the earth, particularly in the crustal volumes'
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(Whipple and Hynek, 1958). This objective has been achieved and surpassed,
as demonstrated in 1966 with the publication by the Smithsonian Astrophysical
Observatory (SAO) of numerical parameters for the earth's gravity field and
the coordinates of satellite-tracking stations (Gaposchkin, 1967; K&hnlein,
1967a; Veis, 1967a, b; Whipple, 1967; Lundquist and Veis, 1966).

Four things were apparent in light of the 1966 results: 1) further work
would be valuable, 2) both additional and other kinds of data could be profitably
incorporated, 3) new observing techniques such as laser tracking would be
important, and 4) other disciplines such as solid-earth geophysics and
oceanography could be well served by what had previously been a wholly

geodetic program.

These last two points were the focus of a series of seminars conducted
at SAO (Lundquist and Friedman, 1966). A later and more comprehensive
study along similar lines was conducted at Williamstown (Kaula, 1970). The
latter part of this paper addresses itself to several aspects of earth physics

in light of results from satellite geodesy.

The geodetic results in 1966 benefited from the use of two types of data —
simultaneous observations and individual observations. The solution was
strengthened by combining the data, and the accuracy was éstablished by
intercomparison rather than by reliance on formal statistics or internal
consistency. Subsequently, other types of data were used; Kthnlein (196 7b)
made a combination of satellite and surface gravimetry, and Veis (1966) made
a further comparison of station coordinates using Deep Space Net (DSN) data
to determine the relative positions of the DSN antennas. The results in 1969

included these additional types of data as integral parts of the solution.

The geometry of Baker-Nunn stations in 1966 was poor in some regions.
A series of station moves and subsequent observing programs produced a
considerably improved geometrical determination, especially in South
America. | The data used in the dynamical solution were improved by a series
of observations made specifically for this purpose, by an improvement in the

reduction procedures, and by use of more accurate clocks at the stations.



A complete revision of the computer programs was initiated, with many

of the theoretical aspects rediscussed.

Finally, the process of statistical inference was improved. FEach type of
data was treated consistently by establishing weights and covariances. Dif-
ferent sets of data were combined and relative weights were adopted, which
improved the residuals for each set of data. For example, the terrestrial
gravimetry was weighted so that the combined solution improved the orbits
as well as reduced the RMS gravity-anomaly residuals. Once each type of
data was internally consistent, reliability estimates could be established;
and when each quantity had been determined by independent methods, a direct
comparison of the estimates was possible. In this way, a realistic evalua-

tion of the accuracy was possible.

In summary, a combination of four types of data gave the best estimate
of geodetic parameters, and reliable estimates of the accuracy were provided
by intercomparison. Further comparisons with data not used in the solution —
orbital data, terrestrial gravimetry, astrogeodetic leveling, and triangulation —

completely confirmed the accuracy obtained by intercomparison.
STRUCTURE OF THE PROCESS

The combination of four types of data is essentially an iterative process.
The initial values for the gravity field and station coordinates were taken
from the 1966 M1 solution, as modified by some resonant harmonics, and
the C6 coordinates. The values of the zonal harmonics were revised by
Kozai (1969) as a precursor to this analysis. In addition, three constants,
defining the length and time scales — GM, a.s and ¢ — need to be chosen.

Table 1 lists the coefficients and constants used throughout this analysis.

Figure 1 describes the information flow. Each component in Figure 1
is described in Gaposchkin and Lambeck (1970). The first two rows indicate
very briefly the process before analysis. There are two major loops in the

scheme. The large loop is a complete recalculation of the observation



TABLE 1.

Adopted zonal harmonics to J(21) (Kozai, 1969) .

J(2)= 1.08262800E-03
J( 4)= -1.5930E-06
J( 6)= 5.0200E-07
J( 8)= -1.1800E-07
J(10) = -3. 5400E-07
J(12) = -4. 2000E-08
J(14) = -7. 3000E-08
J(16) = 1.8700E-07
J(18) = -2.3100E-07
J(20) = -5. 0000E-09
GM = 3.986013 X 10
a =

20

J( 3) = -2.
J( 5)= -2.
J(7) = -3.
J(9)=-1.
J(11)= 2.
J(13)= -1.
J(15) = -1.
J(17)= 8.
J(19) = -2.
J@l)= 1.

3 2
cm” [/ sec

6. 378155 X lO6 m

2.997925 x 1019 em/sec

5380E-06
3000E-07
6200E-07
0000E-07
0200E-07
2300E-07
7400E-07
5000E-08
16 00E-07
4400E-07
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equations and residuals and could be called an iteration. Each separate set
of data is solved independently, with some assumptions when necessary.

These solutions and residuals are compared.

The second, smaller loop is used to determine the appropriate relative
weights of the four components. The weights are chosen, a solution is cal-
culated, and the residuals are investigated. If revision is necessary, the
weights are changed and another solution is made. At this point, certain
orbital information and geometric data may be either added or deleted if

appropriate.

Each solution is compared with some independent orbits, as well as with
the observations used in the solution and with the separate solutions them-
selves. In practice, five or six such solutions are calculated, and one is

adopted for the subsequent analysis.
DATA USED

The position of the earth in the inertial reference frame is monitored,
tabulated, and published in terms of pole position (x,y) and sidereal time
(UT1) by the Bureau International de 1'Heure (BIH), the United States Naval
Observatory (USNO), and, for pole position cnly, the International Polar
Motion Service (IPMS). The largest difference of the published values is
5 m in UT]1, although it is impossible to tell what the correct values are and
to establish further the real accuracy of these data. The position of the
earth seems to be known to no better than several meters. The uncertainty
in these data sets the limit of accuracy in station positions. For the analysis
described here, we have adopted the UT1 data published by the BIH and the
pole position published by the IPMS.

The locations of stations contributing satellite observations are indicated
in Figure 2. There is a clustering of stations in North America and western
Europe. Most of these stations contributed many simultaneous observations

but of only a few satellites. These data were extremely valuable for a
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geometrical net adjustment but were not appropriate for a dynamical determi-
nation of station coordinates. More than 50,000 observations were combined

in the geometrical solution.

The final dynamical solution used more than 60, 000 observed quantities
on the 21 satellites listed in Table 2. The distribution of orbital character-

istics is illustrated in Figure 3.

The DSN data from five stations were compiled by Mottinger (1969).
Each DSN station can be related to a Baker-Nunn camera by the use of
classical survey data. We then have for these stations additional observa-
tional constraints on the relative longitudes and the distance from the spin

axis of the earth.

The terrestrial gravimetry data used in the solution were compiled by
Kaula (1966) and consisted of 300~nautical-mile (n mi) free-air anomalies.
His basic data consisted of 1°X 1° mean free-air anomalies. The results

were 935 mean anomalies for 300-n mi squares covering 56. 5% of the globe.

Since the details of the analysis are given elsewhere, the following

discussion is limited to the accuracy of the final results.

The final results for the geocentric cartesian station coordinates are
given in Tables 3 and 4, and for the tesseral harmonics, in Table 5. Table 1
contains the precision estimates of the station coordinates, and Figure 4
gives the precision of the geoid height as a function of latitude. These esti-
mates have been taken from the statistics of the final iteration, using the
weighting factors from the combination, and are corroborated by all the
intercomparisons. The geoid-height estimates, of course, refer to the
generalized geoid only and do not imply that the geoid is known everywhere

with this accuracy.
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Fig. 3. Distribution of satellites used in the 1969 Smithsonian Standard
Earth (II) (Gaposchkin and Llambeck, 1970).
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TABLE 3. Geocentric coordinates (in Mm) of the stations determined in the
final combination solution. The fifth column gives the formal precision
estimates of the coordinates in meters.

Station X Y Z o Station Name

1021 1118029 =4¢8763)6 30942984
1034 -e521702 =4h4242049 49718731
1042 0647515 =5177924 3.656707
7036 =s828496 «50657458 2.816812
7037 =2191286 =h 4967280 3,983262

BLOSSOM POINTe MDs
GRAND FORKSs MINN,
ROSMANs No Co
EDINBURG: TEXe
COLUMBIA, MOe

7039 2,308239  =4,873597 3.394580 1 BERMUDA

7040 2,465067 =5.534924 1,985510 1 PUERTO RICO

7045  =16240479 =4e760229 44048995 DENVERs COLe )

7050 16130674  «4.831368 3.994111 Goddard Space Flight Center
7075 0692628  =4+347059 49600483 SUDBURYs ONT.

7076 1386174  =5,905685 10966533 1 JAMAICA

7815 44578370 0457951 49403134 HAUTE PROVENCE, FRANCE

7816 44654337 16959134 3.884366
7818 5.426329 0229330 32334608
7901 «=1e535757 =52166996 3,401042
8015 4,578328 0457966 44403179
8019 4e579466 586599 44386408
9001 =14535757 =5.166996 3.4010642
9002 54056125 20716511 =2,775784
9003  =3.983776 3¢743087 =3,275566
9004 5,105588 ~e555228 3.,769667
9005 =3,946693 34366299 34698832
9006 1.,018203 50471103 3,109623
9007 10942775  «54804081 ~1,796933
9008 36376893 49403976 34136250
9009 20251829 ~=54816919 1327160
9010 0976291 =5.601398 24880240
9011 20280589  =44914573  =3,355426
9012 =5,466053 =2,404282 20242171
9021 ~=14936782 =5.077704 34331916 1 MTe HOPKINSe ARIZs

9023  =34977766 34725102 =3,303035 ISLAND LAGOONs AUSTRALIA

9025 =3.910437 34376361 3,729217 10 DODAIRAs JAPAN

9028 44903750 30965201 2963872 12 ADDIS ABABAs ETHIOPIA

9029 50186461  ~3,65385¢ =9654325 12  NATALs BRAZIL

9031 10693803 =4,112328 =4,556649 15 COMODORO RIVADAVIAs ARGENTINA
9050 10489753  =4o457478 44287304 14 HARVARDe+ MASS,

9065 34923411 0299882 5,002945 12 DELFTs HOLLAND

9066 44331310 0567511 40633093 7  ZIMMERWALDs SWITZERLAND

9074 3,183901 16421448 5.322772 10 RIGAs LATVIA

9077 3,907421 1602397 4,763890 10 UZGHORODs UeSeS5eRs

9080 3.920178 =9134738 5,012708 9  MALVERNy ENGLAND

9091 4,595157 20039425 3,912650 5 DIOYS0Se: GREECE

9113 «2:450011 =4062442) 3,635035 7  ROSAMUNDe CALe.

9114 =1:264838 =3,466884 5,185467 12 COLD LAKEe. CANADA

9115 3,121280 +592643 5,512701 17 Harestua, Norway

9117 =6e0007402 <=l.111859 1:825730 15  JOHNSTON I5Les PACIFIC

STEPHANIONs GREECE
COLOMB~BECHAR,y ALGERIA
ORGAN PASSs NoM,

HAUTE PROVENCEs FRANCE
NICEs FRANCE ’
ORGAN PASSs NeMe
PRETORIAs SeAFRICA
WOOMERA» AUSTRALIA

SAN FERNANDOs SPAIN
TOKYOs JAPAN

NAINI TALe INDIA
AREQUIPAs PERU

SHIRAZs IRAN

CURACAO+ ANTILLES
JUPITERs FLAe

VILLA DOLORESs ARGENTINA
MAUI+ HAWAII

-
CUVUN OV N O~V OOV ~NVIUVVMUAVVAOONYOO NN~
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TABLE 4. Coordinates of the JPL stations referred to the SAO
reference system.

Station X (Mm) Y (Mm) Z (Mm)
4751 5.085451 2.668252 -2,768728
4741 -3.978706 3.724858 -3.302213
4742 -4.460972 2.682424 -3.674618
4761 4,849242 -0.360290 4.114869
4712 -2.350454 -4.651975 3.665631

t 90 T

*60 -
w
(]
D - e
=
F -l —
<<
-

T30 -

L 1 I
o 1.0 2.0 3.0 4.0

oy (m)

Fig. 4. Precision estimates of geoid heights determined from the harmonic
coefficient precision estimates.
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TABLE 5. Fully normalized coefficients of the spherical harmonic expansion
of the geopotential obtained in the final iteration of the combination solution.
are the sine terms.

Cyy are the cosine terms of degree { and order m and Slm

y C S
£ m Clm Slm m Im Im
2 2 204129E=06 =] 93641E=06 3 1 1:9698E=06 2:6015E=07
3 2 B8+9204E=07 =6¢3468E=07 3 3 6¢8630E=07 1o%304E~06
4 1 =5,2989E-07 =4o8T765E-07 4 2 3,3024E=07 T«0633E=07
4 3 9+8943E=-07 ©]s546TE-07 & & =T29692E~08 3,3928E~07
5 1 «5,3816E-08 =9,7905E=08 5 2 6,1286E=07 =3,5087E~-07
5 3 =4 ¢3083E~07 «806663E=08 5 b =206693E=07 843010E«08
5 5 142593E=-07 =549910E=07 6 1 *9¢8984E=08 3,7652E=08
[} 2 5¢4825E-08 «325175E=07 [} 3 20:7873E=08 4,4626E=08
Y 4 *460342E=«10 =k o038BE=OT [} 5 =2¢1143E=07 =5,2264E=07
6 ] 8+8693E=08 w7 a4 T56E=08 7 1 204142E=07 1:1567E=07
7 2 208306E=07 1:5645E=07 7 3 200285E=07 =293448E=07
7 4 =1+9727E=07 =121390E=07 7 5 «Bo7024E=10 9,8461E=08
7 [ =2:584TE=-07 1,0209€=07 7 7 1:5916E-07 wbs T7T10E~08
8 1 3,1254E=-08 2+:5696E-08 8 2 4.8161E=~08 8,4140E-08
8 3 w5 eT444E-08 1.8086E=08 8 4 =]1¢5378E-07 T25264E=-08
8 5 =5¢6733E=08 6. 1636E=08 8 6 «54¢3903E-08 2:5930E=-07
8 7 3¢4390E=08 8+9168E=08 8 8 «Te7364E=08 6,7607E=08
9 1 1,3823E=07 =1 ¢6100E~08 9 2 6s6T41E=09 «8,1733E=08
9 3 -9.6463E‘08 -1.1817E-07 9 4 5.7125E"°8 1'11835"07
9 5 wbol435E-09 3,3551E-09 9 é 2.4186E-08 2.2028E-07
9 7 =540450E=08 «]142700E=07 9 8 2+3359E=07 5+ 7239E=08
9 9 =8,2490E~08 942326E~08 10 1 1:1251E=07 =1,0167E=07
10 2 =341225€-08 =] ¢0450E=07 10 3 =223346E=08 =1,4137€-07
10 4 «4o8185E=08 wko3248E=~08 10 5 =8,0004E=08 =1¢4279E=07
10 [ ©342486E=-08 =2+0153E=07 10 7 5+4961E=08 3,2003E-08
10 8 Te3957E~08 «T29706E<~08 10 9 wbo8563E=09 602498BE=Q9
10 10 1e2377E=07 ~2¢5885E=08 11 1 4+3900E~09 2.9751E=08
11 2 4.8900E=0Q8 =99 1994E«08 11 3 nbo324TE~08 =143109E=07
11 [3 =3,0193E=08 5:4317E~08 11 5 3,2523E=-08 143215€E=07
11 [} 3,7517E-08 6,9005E-09 11 7 4¢5726E=08 =143862E-07
11 8 6.4546E=08 =106993E~08 11 9 11750E=07 «9,49451E-09
11 10 =]9l736E=07 =] ¢8900E=08. 11 11 1e1785E=07 wh o J688E-08
12. 1 «bs5955E-08 =3,1000E=08 12 2 2+ T7481lE=08 745986E=08
12 3 5¢8386E«(8 5+4784E«08 12 4 =k o3649E-08 w202262E-08
12 5 2¢3375E=-08 4¢263T7E=08 12 [ ~2+3868BE=08 =bob6TTOE=10
12 7 1+450TE~0B 9,9784E=08 12 8 =5,7854E«09 3,3752E=08
12 9 ®3¢2232E=08 %o,2858E=08 12 10 «1¢8590E=08 4,8382E~09
12 11 =4e4921E-08 b o 8206E=08 12 12 =1:9407E=08 =5, 7TTT1E=08
13 1 =546042E=08 2+,6288E=08 13 2 =4, T456E=08 1, 7367E-08
13 3 2+3833E~08 =»298930E=08 13 4 =169980E=08 5,7030E=08
13 5 9.6637E-08 wh o, TT60E~08 13 & =B4,3417E=08 5.9782E«08
13 7 =542217E=08 =342562E=09 13 8 =451759E-08 =2,0231E=08
13 9 =245623E-08 1.07T67E=07 13 10 8,6589E=08 =] s0528E=08
13 11 «343749E=08 5,8541E=08 13 12 =103229E=09 8,2192E=08
13 13 «T7,0288E-08 To4643E=08 14 1 =253090E=08 4,9664E-08
14 2 3,2120E-08 o 5289E=08 14 3 1.9042E=08 1,1919E=09
14 &4 7e8017E=09 =3, 7527E=08 14 5 »205958E=08 w2e3344E=08
14 [ 109140E=08 «5,8721E=08 14 7 1.1061E=«08 8,4132E=09
14 8 w3,0273E=-08 «6e0838E=08 14 9 4¢9539E=08 9.2345E«08
14 10 5.3732E=08 wla3168E=08 14 11 2,7833E-08 ~8¢1637E=~08
14 12 102481E~08 =54 7314E=08 14 13 551554E=08 %o5453E-08
14 14 =5,2082E~08 =]s2840E=08 15 1 =355971E«09 4,0142E-08
15 2 =4 34833E-08 =l+6056E=~08 15 3 843016E=09 =547218E=09
15 4 123916E=-08 $06644E=08 15 5 3,1684E=08 1,8250E-09
15 6 7+0020E=08 »] o 1872E=07 15 7 1.1856E=07 4,2690E=08
15 8 =9 765TE~08 =3,5710E=08 15 9 2:2064E=08 2:6632E=08
15 10 =2, 0648E-08 5:3724E«10 15 11 =3,2585E-08 9.,4052E=08
15 12 1.0524E=08 6e8T726E=09 15 13 =3, 7348E=08 4o0249E=09
15 14 1:2193E<08 *26T786E=08 15 15 1,4515E=09 »1,4802E-08
16 1 =253789E=08 Te6413E=08 16 2 201327E=08 3.0669E-08
16 3 =44 7358E=08 3.2610€E-08 16 4 »1.1591E=08 4,3001E-08
16 5 who4201E=08 3,2230E=08 16 6 =5,8439E~08 wh s 2809E=08
16 7 1:0591E«07 8,1008E=09 16 8 =8,4738E~-08 =2e46TTE=09
16 9 9.0001E-09 =) o0628E=07 16 10 =209849E=08 w5,246TE=10
16 11 6:8502E-09 =T7,0765E=08 16 12 2:2834E-08 =3,4087E«08
16 13 3,5475E=08 2.,0683E=08 16 14 =753590E=09 w2, 2626E<08
16 15 =3¢5485E=08 8,4126E=10 16 18 =259522E-08 B8.6217E=09
17 12 8.3097E=08 3:.5424E~09 17 13 3,274%E~08 4o2920E=10
17 la =1,6058E=08 20T286E=08 18 12 1s1662E~08 Ba%T724E-09
18 13 44 6903E=09 w3¢554TE=08 18 14 w2eT646E~D8 =&y B3T6E=Q8
19 12 6s7115E=08 w8 o2623E«09 19 13 3,3201E-08 =6¢3128E~08
19 14 =23,9779E=09% =2,3817E=08 20 13 5:8374E=08 3:3320E=08
20 14 1,1130E-08 =1,6183E=08 21 13 3:6928E~09 w]o86288E~08
21 14 5:2067E=08 3,0801E=10 22 14 «8,0549E=09 2,6440E=08
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COMPARISON WITH SATELLITE ORBITS

Each iteration resulted in improved orbital residuals using the combina-
tion solution. For the final solution, the orbital residuals for satellites such
as Geos 1 and Geos 2 are less than 10 m. These 30-day orbits are computed
from a combination of laser and Baker-Nunn data. The optical-data residuals
have an RMS less than 3 arcsec, and the laser data residuals have an RMS
value of 7 m. These residuals are, of course, made up of observation errors,

model errors, errors in station coordinates, and errors in the gravity field.
COMPARISON OF GEOMETRIC AND DYNAMIC SATELLITE SOLUTIONS

Figure 5 compares directions between stations resulting from the geo-
metric solution (A), the dynamic solution ([Q), and the combination solution
(O). The difference in the positions derived from the individual solutions is
a good indication of their relative accuracies and of the accuracy of the com-
bination solution. These differences result from uncertainties in the coor-
dinates at both stations, and at each station a number of such comparisons
can usually be made. The comparisons shown here are the most unfavorable
in that the errors of both stations are reflected in the comparison. Thus, the
accuracy of the station positions of the combination solution, relative to the

earth's center of mass, should be somewhat better than these figures indicate.

These comparisons indicate that for the fundamental Baker-Nunn stations
(those numbered 9001 to 9012 and 9023) the combination-solution coordinates
-should be reliable to better than 10 m. For the new Baker-Nunn stations
(9021, 9028, 9029, 9031, and 9091), from which there are fewer observations,
the combination-solution coordinates should be accurate to better than 15 m.
These estimates are in agreement with the formal statistics given in Table 3.
The longitude difference between the two satellite solutions obtained from the

combination solution is -0.2 + 0.5 prad and is not significant.
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geometric solution A, the dynamic solution 0O, and the combination solution
O . The two error ellipses centered at O refer to the formal statistics of
the dynamic solution (the inner_ellipse) and after the covariance matrix has
been multiplied by the factor k% (outer ellipse).
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COMPARISON OF SATELLITE AND DSN SOLUTIONS

The DSN sites can be related to Baker-Nunn station positions by ground
survey. For three station groups (9002-4751), (9003-4741), and (9113-4712),
the distance between the two instrumentation types does not exceed 200 km.
For the other two groups (9003-4742) and (9004-4761), the distances are
larger, about 500 and 1000 km, respectively, and uncertainties in the ground-
survey information may influence the comparison results. Table 6 gives the
results in the form of differences in longitude A)\i and in distance to the
earth's instantaneous rotation axis Ari. The table also gives the accuracy
estimates deduced from the statistics of the two solutions and the ground-
survey data. The comparisons reflect a systematic longitude difference,

AX = -3,2 prad (the DSN longitudes are east of the SAO longitudes). When
this systematic part is removed, the residuals are all less than about 10 m
and support the accuracy estimates given in Table 3 for the Baker-Nunn

stations 9002, 9003, 9004, and 9113.
COMPARISON WITH TERRESTRIAL GRAVIMETRY

Table 7 summarizes the comparison of the geopotential derived from
(1) the new combination solution presented here, (2) the new satellite solu-
tion, and (3) the 1966 Standard Earth solution (also known as the M1 solution),
using 300-n mi squares, for which at least 20 surveyed 60-n mi squares were
available for the compilation. The comparisons are made for the three fields

truncated at different degrees as well as for the total fields.

The quantities in Table 7 have been defined by Kaula (1966) and
Gaposchkin and L.ambeck (1970). Briefly, g1 is the terrestrial gravity
anomaly and gg is the satellite or combination solution anomaly; &r and €g
are the expected errors in the estimates gt and g and dgis the expected
truncation error. The estimate D of the gravity field contained by the
spherical-harmonic expansion is obtained from the surface gravity. If both
the satellite solution and the surface gravity give ''perfect' results for all

terms up to a certain degree, then

16



TABLE 6. Results of SAO-JPL stations comparison. A\, is the longitude
difference and Arj the difference in distance to the earth's axis of rotation
for the two solutions. A\ is the weight mean longitude difference.

Msao MyprL = AN Ak - Ay AN,  SAOTTIPL T AT %ar,

Stations {prad) (prad) (m) (rn)1 (m) (m)
4751-9002 -3.5 +0.3 +1.9 7.7 +5.9 4.9
4741-9003 -2.2 -0.9 -5.2 6.8 -7.3 4.5
4742-9003 -1.2 -2.0 -10.4 9.0 -6.5 4.5
4761-9004 -4.5 +1.4 +6.9 6.6 -1.2 4.5
4712-9113 -4.9 +1.7 +9.2 12.4 +7.6 5.5

17



TABLE 7. Comparison of satellite and combination solutions with surface-
gravity measurements (mgalz).

Solution (er-gg)’)  (epes) (82 D (g2 E{cl} E{cl} E{og’)

n =20, N =136, 300-n mi squares

Combination Solution

£=8 m=38§ 165 g0 92 102 253 2 11 152
£=10 m=10 132 119 116 120 253 -3 11 123
£ =1l m=11 135 126 134 126 253 8 11 116
1 =12 m=12 134 129 138 129 253 9 11 113
£ =14 m=14 109 156 166 146 253 10 11 87
£ =16 m=16 75 184 186 163 253 2 11 58

n=20, N =136, 300-n mi squares
Satellite Solution

=8 m = 8 179 86 98 102 253 12 11 156
£ =10 m=10 145 109 110 120 253 1 11 133
£=11 m=1]1 151 115 126 126 253 11 11 127
=12 m=12 163 111 128 129 253 17 11 131
£=14 m=14 173 117 150 146 253 33 11 125
Total Field 177 118 161 143 253 43 11 124
n = 20, =136, 300-n mi squares
M1 Solution
£=8 m=38 168 85 85 102 253 0 11 157
Total Field 168 93 101 108 253 7 11 148

18



(g§> ={(gpgg) = D

and

1
o

E{eé} = E{e?r}

The combination solution gives the best results, in that there is good
agreement between the three estimates (gé) , (ngS) , and D of the true
value of the contribution to the gravity anomaly from the geopotential coef-
ficients. Also, the E{e%} and E{eg} are small. This might have been
expected, since the combination solution contains the data against which the

tests were made.

The estimates of the errors of omission E{6 gz} are still quite large
compared to the estimates ofeg and eé, a fact that indicates that the surface-
gravity data contain some additional information that has not been extracted

in this solution.

There is no significant difference between the satellite solution, the
combination solution, and the MI solution truncated to 8,8. Beyond degree
10, the combination is superior and the high-degree terms are determined

primarily by the surface-gravity data.

Further comparisons with surface gravimetry are possible. There
are compilations by Talwani and Le Pichon (1969) for the Atlantic Ocean and
by Le Pichon and Talwani (1969) for the Indian Ocean. Figure 6 shows free-
air gravity-anomaly profiles computed from 5° X 5° area means obtained
from these compilations and from the combination solution. All profiles
are referenced to the international gravity formula. The accuracy of the
5°X 5° area means is assumed to be 5 mgals. Table 8 gives ((gS - gT)Z)
for each of these profiles, and from these numbers the accuracy of the
gravity anomalies computed from the combination solution can be determined.
The average value is 10 mgal, or about 3.5 m in geoid height, in very good

agreement with the value N75 mgal taken from Table 7.
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7 2 2 2. 2
<(gs_gT) > UgTZ Ugs_< (gs'gT) > O-gT
Profile (mgalz) (mgal™) (mgalz)
¢ =32°5 North Atlantic 84 25 59
NW-SE North Atlantic 68 25 43
NW-SE South Atlantic 222 25 197
$=0° Indian Ocean 80 25 55
= -25° Indian Ocean 166 25 144
(0'2 ) =99 rng_galz"~‘IOrn2
S AV
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COMPARISON WITH ASTROGEODETIC DATA

Geoid heights obtained from astrogeodetic leveling are available for
several major datums. These data, like the surface-gravity data, could be
used as further input to the combination solution. However, the coverage
extends only to areas where reliable surface-gravity data are also available,
and the contribution to the global solution would be limited. Instead, the
astrogeodetic data have been used for comparison purposes, thus providing

an independent estimate of the accuracy of the global solution.

For comparison, these geoids must be transformed to a geocentric
reference system. Such a transformation can be established through a
comparison of geodetic datum coordinates with coordinates derived from

satellite analyses (Lambeck, 1970).

Figure 7 gives the geoids and the difference once the adjustment has
been made. Table 9 gives the numerical differences; the N10.5 m is in

excellent agreement with other accuracy estimates.
POWER SPECTRA

Table 10 gives the degree variances of the solution. As usual, the gravi-
metric solution gives underestimates of the degree variances. Figure 8 plots
the same information, in addition to the 10-5/£2 law, which fits the data very
well. The standard deviation for each degree is also plotted. It is apparent
that between degrees 18 and 20 the amplitude of the harmonic coefficients
will be smaller than their uncertainties. The same limit is seen by an
examination of E{56 gz} from Table 7. We can estimate that the remaining
58 mgal2 of information is completely contained in degrees 17 through 20.
This is to some extent surprising, since we would expect that as 20th-degree
terms have a half-wavelength of 9°, 5° X 5° anomalies would contain infor-
mation of greater detail. Surface gravimetry certainly has a great deal of
high-frequency detail. The methods for reducing the data to 1° X 1° squares

and then to 5° X 5° squares may smooth the higher frequency data, or it
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-"TABLE 9. Summary of the comparisons between the geoid profiles obtained
from the combination solution and the astrogeoids referred to the geoce?trlc
system. Al is the systematic height difference between the profiles, ogy

the variance of the difference between the two profiles, o7 the variance of
the gstrogeoid heights, and ¢g the contribution of the combination solution -
too h°

. — 2 2 2 _ 2 2

Datum Profile Ah Tt o, Og =05y " G'a
NAD ¢ = 35° -15 8 1.5 6.5
NAD N =260° -16 6 1.5 .5
AGD ¢ = -28775 -12 10 1.5 .5
AGD A =136.°25 -12 12 1.5 10.5
IND N =175° -36 30 1.5 28.5
EUR A =16° -42 6 1.5 4.5

2 _ 2

(US)AV =10.5m
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TABLE 10. Power spectra of free-air gravity anomalies.

Degree Degree Variance (mgalz)
Gravimetric Satellite Combination
Solution Solution Solution

0 2.9

1 -0.2

2 5.9 7.4 7.4

3 31.0 33.3 33.0

4 18.2 19.7 20.0

5 7.3 17.5 17.8

6 20.7 14.4 15.7

7 9.2 16.4 15.5

8 7.0 8.5 6.7

9 8.7 15.1 12.7
10 9.4 17.7 12.9
11 5.7 13.7 12.2
12 3.5 8.4 5.1
13 7.0 11.1
14 9.4 8.4
15 9.9 13.2
16 5.5 13.8
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may be that the real earth actually has an attenuated power spectrum between
£= 20 and the point where anomalies of 150 to 50 km become important
(£= 100 to 300).

COMPARISON WITH GLOBAL TECTONICS

In one sense, a determination of the geophysical significance of the grav-
ity field is a confirmation of the field, and in another, it is the raison d'gtre
for the analysis. Although the following discussion is oriented toward the
latter, it should be remembered that by having sorted out the geophysical

implications of the gravity field, both results have been verified.

Figure 9 is a plot of free-air anomalies, referred to the figure of
hydrostatic equilibrium (an ellipsoid of flattening 1/299. 8), in accord with

the explanation of Goldreich and Toomre (1969) for the excess oblateness.

There are two major effects of the new data:

A. The improved resolution results in the breakup of the two largest
features in the southern oceans. The large area of mild anomaly in the South
Pacific is now resolved into two negative areas with a positive area between,
the former over basins and the latter along the East Pacific Rise. In the
area between Africa and Antarctica, a single large positive feature centered
in the ""vee' between the two rises is now divided into two positive features
over the rises and an area of mild anomaly between. In general, most of the

vigorous ocean rises are now positives, rather than '"'mild" features.

B. The use of the hydrostatic flattening results in the intensification
of the negative anomalies in the glaciated areas near the poles: to an extent
at the South Pole, which is much greater than can be imputed to glacial

loading.
Lesser effects are the appearance of the highest Himalayas as a small

positive belt; the removal of the overlap of the ocean rise by the South

Australian basin negative; the emphasis of the positive belt from the
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Carpathians to Iran; the reduction of the East Mediterranean negative; and the
reduction or removal of positive features in areas of slight recent tectonic

activity in northeast USSR, the Central Pacific, and Australia.

Figure 10 is the corresponding isostatic anomaly map, using the spherical
harmonic expansion of the Airy-Heiskanen 30-km crust isostatic correction
calculated by Uotila (1962). As anticipated, oceanic maxima and continental

minima are enhanced in the isostatic map.

As previously pointed out (Kaula, 1967), the correlation of gravity with
topography is poor for the fifth and lower degrees. On the other hand, Hide
and Malin (1970) have recently shown that the low-degree harmonics of the
gravity field have a high correlation with the corresponding harmonics of the
magnetic field, provided the latter is rotated 160° eastward. The obvious
application for the purpose of interpreting upper mantle and crustal phenomena
is to use a residual field. Figure 11 is the free-air anomaly field calculated
from spherical harmonic coefficients of degrees 6 through 16, and Figure 12
is the corresponding isostatic anomaly field. In the four successive repre-
sentations of Figures 9 through 12, the correlation of ocean rises with positive

anomalies appears more and more emphasized.

As discussed in Kaula (1969), it seems appropriate to analyze the gravity
field in terms of reasonably contiguous blocks of anomaly X area, since, by
the half-space application of Gauss's theorem, this quantity is directly pro-
portional to excess mass, which in turn is a primary measure of the stresses
required. Table 11 gives the 30 largest blocks in terms of free-air anomalies
referred to the hydrostatic figure, while Table 12 gives the 25 largest blocks
in terms of isostatic anomalies referred to the fifth- degree figure. Of the
12 question marks in Table 4 of Kaula (1969), about 10 seem to be resolved.
The greatest question remaining is the great negative over Antarctica; it is
too large by more than a factor of 3 to be attributable to the loss of ice in

recent geologic time (O'Connell, 1970).

The types given in Tables 11 and 12 are those used in Kaula (1969), with

some obvious modifications.
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INTERPRETATION

The principal inference from the large areas of postglacial uplift is, of
course, the asthenosphere — a relatively plastic layer in the upper mantle,
80 to 400 km or more deep. Of the seven or eight major feature types, the
glaciated areas are alone in being transient, with a decay time on the order

of a few thousand years (O'Connell, 1970).

Since the lithosphere is not capable of supporting elastically the necessary
stresses for features thousands of kilometers in extent (McKenzie, 1967), the
other broad departures in the earth from equilibrium must entail flow in the
asthenosphere. However, the asthenosphere is stiff enough, and the thermal
conductivity of the earth poor enough (i. e., the Prandtl number is large),

that it is generally agreed that the flow is essentially steady state (Turcotte

and Oxburgh, 1967, 1969). As indicated by magnetic reversal patterns, the
present pattern of tectonic motion has persisted for about 10 million years

(Heirtzler, Dickson, Herron, Pitrnan, and Le Pichon, 1968).

In a steady-state flow system, for a mass excess in a particular region
to be maintained, there must be effectively a deceleration in the Lagrangian
sense of matter entering the region and an acceleration of matter leaving it;
the converse must apply to a region of mass deficiency. Since the com-
pressibility of upper mantle material is slight, these ""decelerations' must
be accomplished by 1) the piling up of material at the surface, 2) the
replacement of less dense by more dense material at an interior interface,
3) thermal contraction, 4) transition to a denser phase, or 5) petrological
fractionation in which a less dense component is left behind. The reverse

of one or more of these processes is needed to accomplish an ''acceleration.

If the asthenosphere is a relatively thin layer, then the obvious direction
to transfer matter so as to affect the external gravitational field is lateral.
However, vertical transfers are not to be ruled out: an upward displacement
of material making the density higher than the average at a shallow level,

balanced by a mass deficiency at considerable depth (say below 200 km), could
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account for a gravity excess. From the formula for the potential arising from
a spherical-harmonic surface distribution of mass (Kaula, 1968, p. 67) we

have, for a mass excess of Aph of width L. compensated at depth d,
Ag = 21T2 G% Aph

But then to say the data are satisfied by isostatic compensation at great depth
is to beg the question as to the response of the asthenosphere to the stresses

that must necessarily exist at the intervening levels.

The relationship of gravity anomalies to the flow system depends dras-
tically on the boundary conditions. In a system of thermal convection, if the
boundary is fixed, an upcurrent is associated with a negative anomaly, because
of its lower density (Runcorn, 1965). But if the boundary is free, an upcur-
rent is associated with a positive anomaly because the effect of the mass
pushed up at the surface outweighs the density effect (Pekeris, 1935;
McKenzie, 1968).

In the case of the real earth, the question becomes to what extent the
lithosphere (the layer of relative strength) and the crust (the lower density,
uppermost layer of the lithosphere) act as part of the convective flow and to
what extent they act as a restraining boundary to the flow. Manifestly, they
act both roles to differing degrees in different parts of the earth. The
lithosphere can even be simultaneously a fixed boundary for horizontal forces,
in being able to act as a rigid plate in tectonic motions, and a free boundary
for vertical forces, in not resisting convective upthrusts. The extent to
which a particular portion of the lithosphere acts as a free or fixed boundary
depends on its temperature, size of feature, rate of motion of material into
and out of a feature, and composition (in particular, its water content). The
situation may be further complicated by steady surface transfers of matter —

i.e., erosion and sedimentation.
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How a boundary acts in the range between perfectly free and perfectly
fixed depends on both 1) its elastic properties — its rigidity and thickness,
and 2) its plastic properties — most simply expressed as a decay time in
response to a transient loading, dependent on the dimensions of the loading
and stress as well as on the creep properties of the material. Under small
stresses, the decay time of the lithosphere is very long: it is effectively
acting as an elastic layer in areas of postglacial uplift. But under greater
stresses, such as in the major areas of mass excess, the notion of decay
time is complicated by the nonlinear dependence of strain rate on stress
(Weertman, 1970), as manifested by the seismicity of these regions. Quali-
tatively, for both elastic and plastic behavior, we should expect that the
thicker, the colder, the less hydrous the lithosphere is in a particular region,
the more it will behave like a fixed boundary. But quantitatively, we should
expect that in some cases it may be difficult even to infer the correct sign of

the gravity anomaly.

The flow system for a body with boundaries that are partly fixed and
partly free would be a difficult problem to treat rigorously. However, we
might expect that usually the nature of the local boundary conditions would
predominate in determining the characteristics of a particular region. We

shall apply this assumption in the analysis of feature types below.

In Kaula (1969), 11 gravity-anomaly area types were proposed, 6 of
which appeared to be associated with current internal activity in the earth.
We shall discuss these six (somewhat modified) in an order suggested by
their apparent relationship to the global-tectonic pattern: 1) active ocean
rises, 2) oceanic shield basalts still active in Quaternary, 3) basins,

4) trench and island arcs currently active, 5) current orogeny without

extrusives, and 6) Cenozoic orogeny with extrusives in Quaternary.

Active Ocean Rises. The indication from the new data that these areas

are generally of positive gravity anomaly is consistent with their being free
boundaries over upcurrents in a convective system. Their well-known char-

acteristics of high heat flow, shallow depth in the ocean, thin sediments,
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large-scale volcanism, frequent moderate earthquakes, lack of a distinct
Moho, and prevalence of intermediate seismic primary velocities in the
range 7.2 to 7.7 km/sec are generally taken to indicate that the rises are
the sites of upwelling and spreading out in a convective cycle. The intensity
and uniformity of heating is apparently sufficient to prevent this mass
imbalance from being large. Such small temperature gradients are the
expected consequence of a strong temperature dependence of viscosity
(Tozer, 1967; Turcotte and Oxburgh, 1969).

Oceanic Shield Basalts. With the improved data, all major oceanic

positive areas appear to be associated with spreading centers except one —
Hawalii. Hawaii appears to be the buildup of an appreciable mass excess by
extrusive activity off the rise. This buildup is in spite of a sinking of the
crust, as pointed out by Menard (1969). An approach to isostatic adjustment
is also suggested by depths to the Moho somewhat greater than the oceanic
average (Drake and Nafe, 1968). But apparently the lithosphere has cooled
sufficiently to cause a lag in the attainment of equilibrium. This notion is
corroborated by the relatively low heat flow. The existence of such a feature
indicates that the asthenospheric flows that generate the required pressure
do not necessarily have a simple and direct relationship to the lithospheric

plate motions (McKenzie, 1969).

Basins. This commonest of the major features always occurs some-
where to the flanks of ocean rises. However, landward of the basin may be
a trench and island arc, an orogenic belt, or a relatively quiescent continent
on the same tectonic plate. This suggests that the nature of the flows
associated with basins depends more on where the material came from than

where it is going.

The direct cause of the negative isostatic anomaly is most likely that
the crust carried along in the sea-floor spreading is thicker than compatible
with the depth of the basin; a Moho deeper by less than a kilometer is ade-

quate to account for the average isostatic anomaly of -14 mgal.
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The real problem, of course, is what is the nature of the asthenospheric
withdrawal that causes the 3-km drop from the rise to the basin. Such a
drop could be caused by a downcurrent component in the convective system
resulting from the settling out of denser components. Such settling out would
be expected in a laterally moving flow that was cooling. But a 3-km drop
requires much more than thermal contraction; furthermore, if there is an
appreciable negative anomaly as well, the settling out cannot just be immed-
iately below the basin lithosphere but must be either 1) at a depth of several
hundred kilometers below the basin, or 2) between the ocean rise and the
basin. Process 1) could be effected by the phase transitions of olivine and
pyroxene, which occur at depths of 300 to 600 km, while process 2) might

be facilitated by gabbro-to-eclogite transitions at shallower depths.

The sharpness of the crust-mantle boundary, with the 7.2~ to 7. 7-km/sec
gap in velocities (Drake and Nafe, 1968), makes it impossible for the crust
to be directly involved in causing the negative anomaly. But if the crust is
being carried passively along — as suggested by the lack of seismicity,
volcanism, or disturbance of the sea floor — then it is hard to understand
why it is thicker under the basins than it is on the flanks of the rises, as
emphasized by Le Pichon (1969). Could it be that consolidated sediments
are mistaken for basement rock? Sedimentation itself is a secondary process
in explaining the gravity-anomaly pattern, more a result than a cause: if
the thick sediments are the driving force, then the isostatic anomalies in

ocean basins would be positive, rather than negative.

Possibly to be included in the category of basins caused by the behavior
of the lithosphere as a free-boundary overflow with settling out of denser
components are two land features, Antarctica and the Congo Basin.
Antarctica is an extremely large feature — large enough to require a unique

explanation.

Trench and Island Arcs. The now generally accepted model of McKenzie

(1969) and others of a colder, denser oceanic lithospheric slab being thrust

down under a less dense but stiffer continental margin fits a simple notion
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of the gravity pattern: the dominant feature is the broad positive anomaly
associated with the denser downthrust slab, while the secondary feature is
the narrow negative belt associated with the trench caused by tensile cracking
and the downward-breaking line. But this simple picture is based on the
assumption that the applicable boundary condition of the convective flow is
more 'fixed' than ''free': in other words, the time scale of the process is
short enough that the strength of the continental lithosphere (and perhaps the
oceanic lithosphere as well) significantly resists being pulled down by the
downcurrent. This general idea that resistance to flow is necessary to make
positive gravity anomalies of densifications applies not only to the boundary
layer but also to deeper strata: the downthrust slab could in part be supported
by stiffer matter below the asthenosphere, as suggested by Isacks and Molnar

(1969) and others from seismic data.

The association of the downthrust slab with positive anomalies also
suggests that the driving force is a push from above rather than withdrawal
from below. Whether this '"push'' is the gravitationally caused sinking of the
denser oceanic lithosphere, the pressure of the spreading sea floor behind it,
or the viscous drag by the sublithospheric flow does not seem resolvable

from the gravity data.

Current Orogeny without Extrusives. The hypothesis of McKenzie (1969)

that purely continent vs. continent compression results in folding rather than
in downthrust because of the excessive buoyancy of the thicker crust is appeal-
ing as an explanation for the strongly negative gravity anomalies associated
with the Asian part of the Alpide belt. The resulting pileup of lower density
material results in a mass deficiency in the short run, because the stiffness
of the lithosphere containing low-density crust enables it to push out of the
way higher density asthenospheric material. But in the longer run, the
trend from 'fixed' to ''free'' boundaries is expressed by the forcing upward
of the lithosphere; geologic and geodetic indications are that the Himalayas—
Turkestan complex is currently rising (Gansser, 1964; Artyushkov and
‘Mescherikov, 1969).
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The thick layers of sedimentary and metamorphic rocks constituting the
upper part of the Himalayas have existed since pre-Cambrian times, and
hence the excess heat generation and thermal blanketing may influence the
situation. Furthermore, there may be a contribution from erosion, as
corroborated by the positive features over the Bay of Bengal and the

Arabian Sea, which appear most strongly in Figure 12.

Cenozoic Orogeny with Extrusives. These mountain-building areas,

listed as orogenic among the positive features in Table 11, seem to require
less explanation in that they are of more limited extent and are closer to
isostatic equilibrium. Most are associated with compressive belts of the
global tectonic system, but this is not entirely so. Why they differ from
the Himalayas—Turkestan complex in being positive may be the lack of the
preexisting great thicknesses of sedimentary and metamorphic rocks, or it
may be the presence of oceanic crust to be consumed (McKenzie, 1970).
They may also be the continental equivalents of Hawaii to some extent: the
coincidence of weak features in the lithsophere with regions of excess pres-
sure and heat in a convective system that is not directly related to surface
features. Most of these areas have positive seismic-delay residuals, sug-

gesting high temperatures to considerable depth.

DISCUSSION AND CONCILUSIONS

The gravity data now appear to confirm rather well the dependence of
plate tectonics on mantle convection inferred from other phenomena associ-
ated with the midocean rises and the compressive belts (Isacks, Oliver,
and Sykes, 1968). The principal respect in which this picture is enhanced
is the inference that ocean basins are associated with significant down-
currents entailing settling out of denser components and, probably, phase
transitions. That this process results in negative gravity anomalies depends
on the time scale of the effect being long enough that the lithosphere is of

negligible strength and hence acts like a free boundary.
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The greatest feature not readily related to the global tectonic system is
the Antarctic negative, much too large to be explained by glacial melting.
Antarctica is almost surrounded by ocean rises. Hence, either these rises
are migrating away from Antarctica, or Antarctica is a sink. The latter
seems implausible, since there is none of the seismicity expected with the
destruction or folding of the lithosphere: it is difficult for Antarctica to

pass on the lithosphere to some other area, as do the ocean basins.

Other features not well explained by the global tectonic pattern are the
gravity excesses associated with extrusive flows away from the ocean rises
and trench and island arcs, in both oceanic and continental areas. Both
these features appear to require higher temperatures in the asthenosphere
generating excess pressures, together with weaknesses in the lithosphere
allowing the extrusions. It is, however, difficult to choose whether the
resulting net mass excess is a consequence of sufficient overall strength in
the lithosphere to support the extruded load or of behavior as a free boundary
over an upcurrent: perhaps a partial current that is the upward motion of a
less dense component, the reverse of the process that appears necessary to

account for the ocean basins.

Anticipated properties of the mantle-convective system that need to be
better related to the gravity field are the stress dependence and temperature
dependenée of the effective viscosity, the horizontal temperature gradients
arising from variations in radiogenic heating, and the contributions to driving
the system by fractionations and phase transitions. All these properties are

important, of course, to the solution of the entire global tectonic problem.
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